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.I.  Introduction 

t i t i  s report  period close liaison has  been iiiaintained between 

of Nortlieastern University and those of NASA-ERC. Discus- 

* sions and a free interchange of ideas  have been of mutual benefit to both 

. parties.  F O i -  o m  example, as a resul t  of his work on blood oximeters,  done 

under tho auspices of this grant, M r .  Bloom upon graduation joined the staff 
of NASA-ERG.  Fo r  another, two students interested in  medical electronics 

were ei-qployed du1bing t h e i r  school periods to do a study of electrodes.  In 
ljoth cases  their resu l t s  were obtained with only minimal expenditure of 

funds from the grant. 

The original proposal €or NASA Grant NGR 22-011-024 covered the 

areas of lorn power elcctrode amplifiers,  solid state light sources  and blood 

oximetry. 

Grant N G L  22-011-024, the scope of the grant has been expanded to include 

digjtal f i l t e rs  and active circuit  synthesis using RC distributed l ines.  

former topic is being ca r r i ed  out by an  undergraduate student and a master's 
candidate. The latter topic will be the subject of a doctoral thes i s  by Mr. 13. 

Mahdi, a Phd candidate in  the Electr ical  Engineering Department. 

Since thc renewal of the grant on a step-funded basis ,  NASA 

The 

The two new topics a r e  gernlane to  the fundamental in te res t s  of the 

Both are concerned with a significant reduction inqsize and an  improve- grant.  

ment i n  reliability f o r  electronics sys tems which are matters of vital  interest  

t o  both the NASA programs and the medical field in  general .  
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11. Oximetry 

A t  the close of the period covered by Semiannual Report No. 1, a 
l i t e ra ture  sea rch  was initiated by a senior  (Mr .  B. H. Bloom) and resulted 

in a r a the r  extensive tabulation of re ierences.  

is reproduced in Appendix A.  
paper (84) dealing with oximetry utilizing backscattered light fro& the sc l e ra  

of the eye. . Upon graduation, Mr. Bloom joined the staff of NASA-ERC and 

is currently working in  the same general  a rea .  

The resulting documentation 

Mr. Bloom then went on to write a seminar  

The l i terature  survey has added additional strength to tlie conclusions 

which were  reached at the time of the previous report .  It appears  that, f rom 

an instrument and engineering standpoint, much is to be gained f rom utilizing 

solid-state, devices such as e l e c t r o - l u m i m e n t  diodes, photo-sensitive diodes 

and monolithic circuitry.  Mechanical shutters,  tungsten light sources  and . 

drift problems could be eliminated. 

and digital processing techniques could then be employed. 

main effort during this period has been associated with the development of 

electro-luminescent diodes a s  discussed in  tlie next section, 

Compact instruments based upon pulsed 

Accordingly, the 

Recently, however, comme rcial elect  r o  -1uniine s cent materials have 

become available. 

utilize these less efficient mater ia l s  to fabricate light diodes and bujld a pro- 

totype oxiiGeter to demonstrate the advantage of the proposed techniques. 

F r o m  the standpoint of expediency it appears  wise to 

2 



ID. Solid State 1,ight Sources 

Tiii@ neeti for light emitting diodes with speciiic spectral  distributions 
for  blood I oxii-iieIcrs and s imi la r  projects made i t  necessary  to have a source 1 

, of (Gal-;, Alx )  As. o r  Ga   AS^-^, P ) mater ia l  where x can be chosen at will., 

A t  the s t a r t  of this report  period such crys ta l s  were not commerCially avail- 

zble and would ilot be available within the nea r  future.  Therefore,  we decided 

to bujld a sysien; i n  grow the required mater ia l  by gas  phase epitaxy. The 

spccrfj cz l ly  designed to grow ( G a  Alx)  since i t  appeared that 

this rnaterial v.iould yr*oduce more  efficient light sour6es than G a  (Asl -x, Px). 
1 -x' 

Figure.  1 sltows a schernatic diagram of the epitaxy system which was 

dLisjgned and built for this  project. 

re ly  on the disproportionation of their  chloride salts. 
this method i s  successful €or the t ransport  of gallium in sys tems used fo r  

growing G a A s .  However, the thermochemical data necessary  to accurately 

predict the aluminum transport  in such a system w a s  not available. 

Both the gallium and aluminum transport  

It is well known that 

During the f i r s t  month of operation the system was run without any 

This was done in order  to  establish the operating para-  aluminum source.  

me te r s  of the system while it w a s  operating in a mode which was fair ly  certain 

of success .  
and to change the conductivity from n to  p type in a controllable manner.  

It w a s  possible to grow. epitaxial GaAs l aye r s  onto G a A s  substrates  

After 

' the  conditions for growing good GaAs l aye r s  had been established, aluminum 

w a s  added to  the system to attempt the growth of (Ga, A l )  A s  and A l A s .  
quickly caused etching the quartz components in much of the epitaxy system 

and particularly those par t s  which were nearest  the aluminum source.  

ever  possible the most  severely etched components were replaced with alum-- 

inum oxide ceramic.  

This 
. 

Where- 

It w a s  hoped at the outset that the simple addition of aluminum chloride 

to  a system which was growing GaAs would a.dd some aluminum to the c rys ta l  

lat t ice and a (Ga,  A l )  A s  s t ructure  would resul t .  .This did not happen. 

s e r i e s  of experiments were performed to  study the concentration of alum' linu.m 
A 

pitaxial film as the growing conditions of the film were varied over a 

wide range of temperatures ,  concentrations and flow r a t e s ,  

of these variations w e  were  unable to  grow any f i lms which contairied rrtea.st1.r- 

able a1urnin;im. 

Under the l imits  

It has been ccwluded f r o m  this v;ork that the g ~ - ~ ~ J t l i  of 
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(Ga,  Al) A s  compounds and AsAs in a systemusing the disproportionation 

oi  aluminum chloride is not feasible. 

This resul t  is certainly due to the relative bond energies of the 

various chlorides of aluminum. 

program s imi la r  to  that jus t  described where iodine is substituted fo r  chlorine 

would resul t  in aluminum transport  with kinetics iavorable for the growth oi 

(Ga, A l )  A s .  
bond wj l l  be more  sensitive to temperature  ehanges resulting in  the dispropor- 

ti on at  i on re action . 

It is presently ie l t  that an exper\mental 

This is expected because the l e s s  energetic iodine-aluminum 

During the t ime the (Ga, Al) As growth experiments were in progress ,  

the commekcial availability of Ga(Asl - x J  P 1 over a wide range in x has 

greatly improved. 
a lso make light emitting diodes with the desired spectral  output. Although 

the optical conversion efficiency 01 these diodes is not a s  high as it is with 

diodes made from (Ga, Al) A s ,  it is expedient to  make these diodes from 

cornmercial.ly available mater ia l  ra ther  than continue the epitaxy experiments. 

Consequently, commercial  Ga(A s, P) mater ia l  is being obtained wi th  which 

wil l  be made diodes for  the desired wavelength. 

A s  already mentioned, this semiconductor mater ia l  can 

4 



' I V .  Xilodular 1l:icclrode Buffer Amplifier (MEBA) 
I A prototyjx MEBA has been constructed using both discrete  and 

/ 
integrate$ circuiSi*y, The use  

of balanchtl SOUI-C:~: followers with low pinch-off FETs has  the advantage of 

exti-em ely iiigh I j d  impedance. T h i s  advantage, however, is obtained 

'The circuit  diagram is shown in Figure 2. 
' 

3.t the cos1 of addiiic,rd gain which could be obtained by the common source 

c on f i gu 1-a.Ci on ~ 

VariatSon ol gain and output impedavce with frFquency is shown in 

1'igv.i-es 3 and 4.  '1'11~2 d-c t ransfer  character is t ics  a r e  shown in Figure 5. 
These curves have been obtained over a temperature  range of O°C to 4OoC 

fo r  supply voltages of 5 1. 5 and rt 3 .  0 volts. 
With the exception of open loop gain and noise requirements,  it is 

apparent that all of the specifications l isted in Semiannual Report No. 1 

have been met o r  exceed2d. Noise measure-ments a r e  not yet definitive 

because of difficulties encountered result ing from the high input impedance. 

Recent acquisition of a special RFI enclosure will  enable the noise measure-  

ments to  be made in the near  iuture.  
It is apparent from the curves of Figures  3, 4 and 5 that the use of 

st 1. 5 volts severely l imits  the operation of the MEBA.  Merely doubling 

gives a significant improvement fo r  all character is t ics .  Additionally, . vcc 
the higher voltage would make l e s s  severe  the requirements of low pinch-off 

voltages for  the FETs. 
In view of these resu l t s  consideration was given to the possibility of 

boosting the voltage of the presently used mercury  cells.  

at a voltage quadrupling circuit  indicated the feasibility of obtaining higher 

A preliminary look 

' voltages consistent with the current  drain of the MEBA. The initial circuit  

Frequency of operation was and i t s  character is t ics  a r e  shown in Figure 6. 

2 5  Khz. Difficulty was encountered because of the junction.voltages of the 

soiid s ta te  diodes which l imits  the effectiveness of the charging cycle of the 

circuit  . 

using bipolar switches.' This circuit  converted 24 volts d-c  to  72 volts d-c. 

Since the inception of this  idea a d-c  to d-c converter has been reported 
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Unfo tunately, our  low pr imary  voltage precludes direct  adaptation of this  

appr  ach. 

with zero  gate voltage will make it possible to  double o r  perhaps t r iple  our 
pr imary  voltage with improved loading character is t ics ,  

Instead, it is felt that the use  of FET gates which can operate 1 I 

This approach is 

being pursued at the present tinie. 

'; A sea rch  was made for  commerical  operational ampli i iers  utilizing 

varactors  to obtain Ibw noise high input impedance character is t ics .  

one was found, that of Analog Devices Model 1301. 

input impedance of the o r d e r  of 1 0  ohms at room temperature .  Unfortun- 

ately, the required operating voltages far exceeded the f 1. 5 volts required 

f o r  ou r  applications. 

Only 

Tests indicated an 
1 0  
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v. dlectrodes for  Physiological Measurements 
I . '  

i In long t e r m  physiological monitoring, as encountered during space- 

flight,', problems occur a t  the man-machine interface that a r e  considered 

insignificant for  shor t - te rm monitoring. 

interface include electrode polarization, motion artifact  between electrode 

and skin and subject discomfort. 

These problems at  the skin-electrode 

Although much r e sea rch  has  been conducted with electrodes,  this 

work has been widely scat tered (i. e .  people in many fields such a s  medicine, 

biology, chemistry and engineering have car r ied  on independent r e sea rch )  
and there  has been little interchange of inforiiiatioii between these groups. In 

an  attempt to  collect this scat tered information, a l i terature  sea rch  was con- 

ducted and the resul ts  a r e  l isted in the bibliography of Appendix B. 
The electrode study w a s  car r ied  out by two students in a two quar te r  

project as par t ia l  credit  for  their  degree. 

a sea rch  of l i terature  and an evaluation of the information obtained therein. 

Report No. 2 extended the search  to a survey of companies and individuals 

e i ther  manufacturing o r  doing r e sea rch  with electrodes.  

a r e  listed a t  the end of the bibliography of Appendix B. 

Their f i r s t  report  consisted of 

These two reports  

. A reading of the a r t ic les  l isted in the bibliography indicates thdt the 

use of electrode jelly is no longer necessary.  

reduce skin-electrode impedance and to  eliminate motion artifact  when the 

Electrode jelly i s  used to 

subject is exercising. - 

t ronic  amplifiers makes possible the use of dry electrodes with their  inherently 

l a r g e r  output impedances. 

The high input impedance capability of today's elec- 

The preference f o r  dry electrodes a r i s e s  f rom two considerations, both 

of which a r e  interrelated.  

and the problem of long t e r m  monitoring. 

sive skin prepamtion with its accompanying digcomfort. 

These are the comfort of the subject being monitored 

Dry electrodes do not require exten- 

Dry electrodes suffer f rom polarization which increases  the impedance 

and l imits  the lifetime of typical electrodes to about two weeks a t  the present 

time. 

low current  levels,  

to  the skin and motion artifact .  

So called non-polarizing electrodes exhibit this  character is t ic  only a t  

There a r e  the additional problemsof fixing the electrode 
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Stra  d ping the electrode to the body is one method which is preferrable  to 

using some form of glue which is unsatisfactory for  long t ime monitoring. 

The .Russians have found this  method the most satisfactory for  monitoring 

during space flights. 

becoming separated from the skin. 

I 
i 

Generally, glued-on electrodes €ail due to the adhesive 

! 

i NASA repor t s  a new process  by which electrodes may be sprayed on 
2 to the skin. 

mater ia l  and sprayed onto the body. 

A nonconducting cement is mixed with powdered electrode 

The procedure i s  quick and requires  

l i t t le skin preparation such a s  shaving of body hair .  

trode being adhesive itself eliniinaies the need of jelly and the problem of 

motion artifact .  

itoring for this  type of electrode. 

The sprayed-on elec- 

A t  this t ime no information is available on long t e r m  mon- 

Other than the sprayed-on electrode, the insulated electrode appears  

most  p r~ l i - l i s ing .~  This device which works on the.basis  of capacitive pick up 

lends i tsel€ to being strapped on the subject. No long t e rm t e s t s  have been 

made, however, D r .  Richardson has indicated that this information w i l l  be 

passed on to us when it is available. 
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VI. I igital  F i l t e r s  1. Introduction 
! 
I Extremely accurate  low-pass and band-pass f i l t e rs  can be constructed 

without employing inductors i f  the signal is first sampled., then processed 

digitally and finally passed through a simple R - C  f i l ter .  This "digital f i l ter" 

normally finds its application in low-frequency control systems and sampled 

data processing. However, since the f i l t e r  itself, as well a s  the sampler ,  

can be entirely constructed with micro  logic circuits,  th is  type of a device 

could find application in association with bio-sensors  i f  it could be con- 

structed compactly enough. Accordingly, a feas.ibility study has been in pro- 

g re s s  with this end objective in nlind. A s  of this  writing the need for  a 
hypothetical f i l ter  has been postulated, the t ransfer  character is t ic  has been 

expressed in the Z-transform, the values of coefficients have been deter-  

mined, and a computer program has been employed to determine the sen- 

sitivity of the frequency response to  parameter  variation, 

state-of-the-art  limitations associated with i t s  construction either with logic 

There a r e  no 

circuits or analogue processors  (i. e. operational amplifiers,  res is t ive adders ,  

storage capacitors,  etc.  ). 

and size of components which would. be required.  
Attention is currently devoted to  the number, type, 

If digital f i l t e rs  can be constructed compactly enough, then a coiiven- 

tional f i l t e r  could be replaced by a cascaded combination consisting of 'a sampler ,  

a digital f i l ter  and a simple low-pass f i l ter .  

Figure 7. Figure 7 a  depicts a conventional nth degree Butterworth f i l ter  while 

Figure 7b shows an equivalent f i l tering system utilizing a digital f i l ter .  To a . 

first glance the digital system may appear bulkier, but since most components 

can be miniaturized, the result ing system need not be too large.  In fact, in' 

some potential applications digital t ransmission sys tems (such a s  PAM) may 

be used with the consequence that the sampler  will be available and the low- 

pass  output f i l t e r  can be replaced by a gate driven at a sub-harmonic of the 

sampling frequency. 

This system w i l l  produce an output identical to that which would be obtained 

i f  the nth degree Butterworth f i l ter  of Figure l a  were  iollowed by a sa-mpling 

circuit which produced PAM pulses a t  the ra te  required by the spectra.1 con- 

tent of y(t) .  

This concept is il lustrated in 

This type of application i6  i l lustrated in Figure 7c. 
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In o rde r  to study the feasibility of digital filtering techniques, the investi- 

gation i n  progi*c:;s conceriis the design of low-pass Eutterworth f i l t e rs  with a 
cut-off frcyuency equal to 100 Hz utilizing data taken at 5000 samples  pe r  sec- 
ond ( th i s  .;~tn-ip!ing :-ate would be compatable with an  original signal which 
occupied,a loi<r-pass spectrum up to 1kHz). A fif th-order and a third-order  

fi l ter  have been considered. In each case  the investigation has  been divided 

into two s tages:  the elfect of parameter  variation, and the effect of compon- 

ent size. The f i  

level student parti cipation since i t has  essentially involved utilizing the com- 

puter tA calculate amplitude response upon incremented parameter  variation. 

The second stage is i n  p rogress  at present and is m o r e  dependent upon cir- 

cuit know-how and the like for  its successful completion. 

I r -  

stage has been ideally suited to undergraduate and masters 

B. Fifth-Order Eutterworth Equivalents 

The Z-transform of the t ransfer  character is t ic  of a 5th o rde r  Butter- 

worth f i l ter  ulilizing 5000 samples/second and realizing a 3 db point at 100 l-fz 

is 

2 
Y(Z) z5 + 5 z 4  -t 10z3  + IOZ + 5~ 4- 1 

z , +  c4z + c3z + c2z f clz + co 4 3 2 H(Z) = xm- = Kn ~ 5 

where Co = -0,6656525 C1 = 3.598902 

C4 = -4.593421 

C2 = -7‘. 794918 

C3 = 8.455115 

and K is a normalization constant. 

by replacing Z by exp(jwT), where T is the interval  between successive samples.  

The resulting spectrum is comb-like since it repea ts  at multiples of the sampling 

rate ( l /T ) .  

is shown in Figure 8. 

value while the other coefficients are held a t  the i r  nominal ‘values, the otiJ.er 
curves  shown in Figure 8 result .  

f iers ,  adders  and delay units as indicated in Figure 9. 

The frequency response can be obtained n 

A plot of spectral  magnitude ve r sus  frequency for  the first 1000 Hz 

If each coefficient is increased.by +17& of its nominal 

This  filter could be constructed with ainpli- 

1 0  



1 On the other hand, it is possible to  factor equation (1) into the form 
beloy . 

, 
I 

where ,b l  = -0.88161859 b2 = -1.80155740 b3 = 0.81587612 , 

b4 = -1. 91024514 b5 = 0. 92542798 

Figure 10 shows a method of realizing th i s  configuration while r e g  -Li ure  

11 i l lustrates  the efiect of a s imi la r  t -1% change.in coefficient s ize .  

is apparent that change in  b 

tions of any of the C ' s  in  equation (1). 

b2 and b If allowed variation is reduced to +1/4%, 

then the curves of Figure 1 2  result .  Since, once more ,  it appears  to be the 

quadratic t e r m s  which must be controlled more carefully than the others,  it 
was decided t o  narrow the study down t o  a third order Butterworth where but 

one quadratic t e r m  would be presented. 

Here it 
b3 and b5 have less effect than s imi la r  var ia-  1' 

Eowever, the effect of variations in 

are far f rom acceptable. 4 

C .  Third-Order Butterworth Equivalents 

The Z-transform of the 

where C2 = -2.74883581 C1 

3rd o r d e r  Butterworth filter is given by 

(3) 
Z3 + 3Z2 + 3 2  + 1 

3 2 z +c2z  + c l z + c o  

= 2.52823122 Co = -0.77763856 

If this equation is reduced to  factors,  then there resu l t s  

Z + l  z2 + 2 2  + 1 
II(2) = ICn- . 2 1 Z + b2Z t bg . 

(4) 

where b3 = 0.88205780 b2 = -1.86721722 bl -0.88161859 

The response fo r  equations (3) and (4)  when the coefficients are each varied 

by +l% is shown in Figures 13 and 14 respectively. 
seen that the' factored forin gives betier per€orniance althotiglz the resprtnse 

is most sens'itive to changes in  b Figure 1 5  shows an analogue method of 

synthesizin,g equation (4) 

Once m o r e  it can be 

2' 
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A f a i r  amount of data has been taken in  which each coefficient w a s  I varied by smal le r  increments.  
up to '*  0.1% a r e  tolerable.  A s e t  of worst  combinations a r e  shown in curves 

of F i b r e  16 .  

synthesis 0. 5% resistoi-s can be used to real ize  weighting coefficients of the 

order  !of those required (say 0. 88) to within a percent (say 0.12);  

The net resul t  appears  to be that variations 

. /  

This tolerance l imit  is not a severe  one since in analogue 

When digital synthesis is contemplated then closer  accuracy can be 

achieved. 

approximated with rational fractions.  

each coelficient is approximated to within 1 par t  in 128 .  

imation allows binary synthesis since each coefficient can be represented 

by an 8-digit binary number. 

converted into binary numbers,  shifted for delay and multiplied by the binary 
coefficients in the usual way in w-liich binary computer computations a r e  

car r ied  out. 

Curve I of Figure 1 7  shows the resul t  when each coefficient is 
Curve I1 of Figure 1 7  resul ts  when 

This la t te r  approx- 

The input samples  could be quantized and 

A t  present,  as indicated ea r l i e r ,  the second stage oi the study is in 
effect. Consideration is being given to component size,  weight, e t c . ,  required 

for  analogue and binary synthesis when coefficients tolerances must be held 

to within 0. 1%. 

1 2  



VII. Active Circuit Synthesis Using Uniform and Exponential HC 

\Distributed Lines 
1 

$ 

: M r .  Hooshang Mahdi, a Phd candidate, joined t@e staff in May of 

His s ea rch  €or a suitable doctoral thesis  tcpic concerned with this year .  

active' network synthesis involved a s e r i e s  of seminars  in the a r e a  culrnin- 

ating in a thesis  proposal which in essence is an extension of Kerwin's 

work involving the use of RC distributed networks. 

4 

Kerwin demonstrated the feasibility of obtaining active f i l t e rs  using 

RC distributed l ines whose character is t ics  were. superior  to  lumped element 

l ines  with the additional atfractioii of a significant reduction in  s ize .  

reduction in size is of prime in te res t  fo r  all aspects  of this grant, Mr.  Mahdi's 

doctoral thesis  is directly applicable to the present program. 

Since 

M r .  Malidi, in his preliminary investigation,has used analytical expres-  

sions for the admittance matr ix  of the distributed line for  both the uniiorin 

( m ) a n d  the exponential tapered (ERC) lines. Th i s  approach in conjuction 

with root loci techniques has allowed an evaluation of the pole zero coiifig- 

urations possible with distributed l ines,  which, in the case of the URC, 

gives good agreement with the resu l t s  of Kerwin. 

gated by Kerwin). 

-___ 

(The ERC was not investi- 

The basic circuit  under investigation is shown in Figure.  18. The . 

indefinite admittance mat r ix  of the distributed line can be expressed a s  

y12 - ( Y 1 1  + Y 1 2 )  

4 Y 1 - 2  + Y 2 &  

- IYDI =~ :.: y2 2 -(y21 + Y22) 

- (y11 + Y 2 1 )  711 + y12 + y21 + y2 

The overall  circuit  admittance mat r ix  becomes 

-(Y21 + Y22) + Y22lK y22 

13 



The doltage gain V3/Vl becomes 
i 

y2 2 

y2 1 y2 1 
+ K (1 +-) - 7 2 2  

\ 

For the c a s e  of the URC the admittance inatr ix  becomes 

r 
cosh8 
sinhq 

~~ sinhe 

sinhe 

coshO 
sinh 0 
-- 

-1 

112 112 where 8 = d(s rocO)  Z o  = ( r o / s c o )  and s = jw, with ro, 

being character is t ics  of the distributed line. 

The voltage gain becomes 

T T  

' .  

The location of the poles and zeros  and the effect of K upon their  location 

can now be found by routine application of root loci techniques. 

The ERC is shown in Figure 19 .  The admittance matr ix  for  this  

s t ructure  can be expressed as 

_ _ _ _ -  

(1 0 )  j 
-ad/ 2 coshe -ad -e 

sinhe 2 p  sinhe 

coshe - ad -e (ZGm .+ ;j) e brj = -j=j- -ad/2 

sinhe 8I  2 .  112 
where e = [ (% -roCos) d2] 

s t ructure  r eve r t s  to the URC.) 

and R = rod. (Note that fo r  a = 0 this 

The 

can 

s t r u  

location of the poles and zeros  and the effect of K upon their  location 

now be found by routine application of root loci techniques. 

The ERC is shown in Figure 19 .  The admittance matr ix  for  this  

cture can be expressed as 

_ _ _ _ -  

(1 0 )  

-ad/ 2 coshe -ad -e 
sinhe 2 p  sinhe 

coshe - ad -e (ZGm .+ ;j) e brj = -j=j- -ad/2 

sinhe 8I  9 112 
where e = [ ($ -roCos)  d2] 

s t ructure  r eve r t s  to the URC. ) 

and R = rod. (Note that f o r  a = 0 this 
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i The voltage gain V3 / V1 becomes 
I 

(11) 
- I< 

- - . a d / 2 9  
-- - -_ 

ad -a,d/ 2 + KCl-(coshB+a sinhole (coshp-t-” sinhs)e 
2 e  2 8  v1 

A combination of root locus and graphica’l techniques yields the 

approximate locations o€ the poles a s  

2 2  When a = 0 

s - - (2n+1) n 
n -  4rOC0 

which is the solution fo r  the pole locations for  the URC structure .  

With the poles for  the ERC dependent upon a d  we see  that t he re ’ i s  

an additional degree of freedom in relocating the poles and thereby facilitating 

the realization of a given pole zero  configuration. Another interesting ieature 

oi  the EXC is that fo r  large values of ad ,  subject to fabrication limitations, 

the first few poles are  grouped close to - (ad) /4 rOC0 which would not be pos- 

sible fo r  any lumped element circuit .  

2 

Computer programs were  written to aid in  the study of the magnitude 

and phase response of the circuit  of Figure 18. 

cerned with the URC response and its relation to  a function having a pair  of 

complex conjugate poles having a magnitude given by 

The first program was con- 
__- 

The URC magnitude and phase response was obtained f o r  various line time 
constants T, (r C ), and operational amplifier gain K. Magnitude matching 0 0  

15 



__ 
o f l " l ' ( ~ ) ~ a n d  I 1haL U T  ilie UHC was obtained at 
of K _For whiclt  the i*espoiise went through a 

resu1. l~ of maiciLig the responses  at 0. 345 

rOC0=15 geconds u-hich gives v,=-O.  489 arid 

two frequencies fo r  those values 

maximum. Table I gives the 

and 2 . 0  r a d / s e c  for K = O .  7 and 

@=O. 589. 
r % I  I pe niaxi;-ncirn tnagiitude discrepancy is about 5. 770 and occurs  at 

I 

. 0. 90 rad,/ sec .  Phase discrepancies exis t  at all. frequencies and increases 
from about 3' a t  0.  1 r ad / sec  to about l o o o  at 2. 6 r ad / sec .  

A second program was written to study the inagnitude and phase 
___ - 

chttracteri stics of ?:-le EHC for  wtrious tapering parameters  ad and opera- 

tional amp1iFier gaiii I<. 

mined by searching the computer. resul ts .  

occurs  Poi- a speciric value of K. 
r a d / s e c  fo r  M F M  response.  

and T required to  obtain the M F M  response for od in  the range -6sads14. 

Figure 20 indicates that positive tapering requi res  less gain than 

This implies that the requirements of the operational 

F o r  each ad the maximally flat response was deter-  

For a given ad such response 

P rope r  selection oi T ensures  u ~ ~ ~ ~ = l .  0 

Figure 20  is a plot of the required values of K 

negative tapering. 

amplil ier for  the E R C  will not be a s  stringent as those for  the URC. Positive 

tapering, however, requi res  a l a r g e r  T which would be a disadvantage in 

t e r m s  of s ize .  

F igures  21  and 22  compare the  magnitude and phase of a second o r d e r  

Butterworth with those of the ERC active network. 

an increase  in  the discrepancies f o r  magnitude and Ehase is obtained. 'This 

. suggests that  negatjve tapering could be used to obtain a: match with respect  

F o r  la rge  values of .ad 

to niagnitude. 

0. 955. Uniortunately, phase discrepancies exist  at all frequencies reachjiig . 
' a  value oi about 60' at 2 .6  r ad / sec .  However, the phase response does match 

the phase response of the fourth o r d e r  Thompson within -5 

This is the case  f o r  ad=r4 .  50. The required value of K is 

. o  up to tw ice  wSdb. 

It should be noted i n  F igure2l tha t  when ad=O, giving the results for a 

URC with K=O. 672, the response is bet ter  than the  second o r d e r  Butterworth 

in  the sense  that it is f la t ter  in  the pass-band and has -a  sha rpe r  roil off 

beyond w 
o r d e r  Thompson low-pass Tilter. 
Thompson magnitude response can be obtained by the proper selection of T 
and K. 
Thompsoli LIP to twice (11 

The phase and magnitude response.matches that of a fourth 3db' 
Fu r the r  study has  shown that a second o r d e r  

The cori~esponding phase response matches that of a third o rde r  

3db' 

1 6  



In considering the ERC €or use as a Thompson €ilter it was found that 

it was possible to achieve an exact second o rde r  Thompson magnitude response 

with improved l inearity f o r  the phase response.  

character is t ics  €or  the third order Thompson filter could be approximated with 

ad=-8, K = .  996 and T=5.46. With ad=6, K = O .  29  and T=23.1 an M F M  response 

bet ter  than the second o rde r  Butterworth magnitude response car; be achieved. 

The corresponding phase response matches that of  the iifth order Thompson 

to within 7'70 at twice u; 
o€ obtaining improved magnitude and phase Sespoiise simultaneously without 

the compromises given by the Transition- Butterworth- Thonipson (TBT) filters 

for  circuits using lumped parameter  circuits.  

Both magnitude and phase 

These preliminary resu l t s  indicate the possibility 3dh' 

1 7  



VIII. Projections 

Work on a prototype oximeter wil l  continue utilizing solid state light 

sources  and digital techniques. 

cially available material .  

the superiority of this procedure over the classic  use of mechanical ch 

bulky detectors and light sources .  With this point definitely establishe 

sideration will. be given to the problem of packaging and miniaturization. 

EL diodes wi l l  be fabricated from corn 

The preliminary approach wi l l  be to demonstr 

W o r k  in the MEUA will  continue in two directions. One wi l l  be 

ment of the present model using hybrid circuit  techniques taking advantage o 
the facilities of the integrated circ'iiits laboratory he re  at Northeastern which 

w i l l  be functioning shortly. 
to a more Ffficient d-c  to  d-c converter which will ease  the limitations imposed 

by the use of mercury  cells.  

A second tack wj l l  be increased attention given 

The investigation of digital f i l t e rs  wil l  be pursued in two stages.  The 

first stage w i l l  involve a prototype f i l ter  utilizing discrete  available components. 

The second stage, based upon the experience of the iirst, w i l l  involve miniatur- 

ization using integrated tecliniques whi ch a r e  currently available. 

The investigation of active circui ts  using distributed l ines  wil l  be con- 

tinued by M r .  Mahdi while he waits for his proposal to be accepted by the 

Electrical  Engineering faculty. 

ConsequeiiTly,, there  w i l l  be no interruption.of his work in this a rea .  

A t  this point acceptance is a m e r e  technicality. 

18 
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Figu1.e ?a. Conveniioiial Fjlter 

S I I I  Low - P a s s  
a m  ple r 

Figure 7b. Equivalen-1. Digiial  E’iltering Systcim 

Figure 7c. Pre-f i l tered ‘ P A M  

P A M  

F igure  7 .  ~ i ~ t e r  concepts (a> Conventional f i l ter  (b) Equivalent 
digital f i l ter  (c) Pre-i i l tered P A M .  
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Table 1. Magnitude 2nd Phase Response of U R C A N  and 

2 Comples- Conjugate Poles 

w - 

--.-_-I__ 

0 

. l o o  

. 2 0 0  

. 3 0 0  

. 4 0 0  

.5001 

.600 

. 7 0 0  

.800 

. g o o  
1 .000  

1 . 1 0 0  

1 , 2 0 0  

1 . 3 0 0  

1. 400- 

1. 500 

1 . 6 0 0  
1. 700 

1 . 8 0 0  

1 . 9 0 0  

2 .000  

2 . 1 0 0  

2 .200  

2 .300  

2 . 4 0 0  

2 .500  

2. 600 
- - - -  -- .__I. 

1 . 0 0 0  

1. 003 

1 . 0 1 0  

1. 016 

1 . 0 1 5  

. 9 9 6  

.951 

. 8 7 7  

, 7 8 3  

, 6 8 3  

. 587 

. 5 0 2  

. 4 2 9  

. 3 6 9  

* 318 

, 2 7 7  

242 

. 2 1 2  

.188 

. 1 6 7  

. 1 4 9  

, 1 3 4  

. 1 2 0  

1 0 9  

. 0 9 9  

.090 
, 082 

- . - - __  - . 

0 

-12.956 

-26 .292  

-40 .354  

-55 .381  

- 7 1 . 3 8 9  

-88 .039  

-104 .657  

-120 .476  

-134 .948  
-147 .877  

-150 .332  

-169 .508  

- 1 7 8 . 6 2 9  

-186 .898  

- 1 9 4 , 4 8 2  

-201.  51 3 

-208.  096 
-214 .311  

-220 .221  

-225 .876  

-231 .313  

- 2 3 6 . 5 6 5  

-241  ~ 655 

-246 .605  

-251 .431  

-256 .146  
I _." - - . _._. 

41 

1 . 0 0 0  

1. 003 

1 , 0 1 0  

1. 017 

1. 013 

. 9 8 8  

. 9 3 2  

.848  

. 7 4 8  

.646 

. 5 5 2  

. 4 7 2  

. 4 0 4  

. 3 4 8  

. 3 0 2  

. 2 6 4  

. 2 3 3  

. 2 0 6  

, 1 8 4  

1 6 5  

, 1 4 9  

, 1 3 5  

. 1 2 3  

. l 1 2  

. l o 3  

. 0 9 5  

. 088 

RESPONSE 

Id_I?=. - 58.9 

0 

-9.630 

-19 ,696  

-30 .584  

-42 .532  

-55 .471  

- 68.897 

-81. 978 

-93.  912 

-1 04 .246  

-112.  917 

-120 .093  

-126 .024  

-130.  953 

-135 .  087 

-138 .588  

-141 .586  

-144 .176  

-146 .436  

-148 .423  

-150 .184  

-151 .755  

- 1 5 3 . 1 6 5  

-154 .438  

-155. 594 

-156 .647  

-157 .611  
- - . - -. . 
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